Amorphous fluoropolymer films have low dielectric constants and high chemical resistance and, so, have potential to be used as the insulator for high speed interconnects and as protection layers. Many applications would require high resolution patterning of the fluoropolymer film. We have found that these films are easily etched by reactive ion beam etching using an O 2 /Ar gas mixture. High etching rates of 600 nm/min with a 0.2 mA/cm −2 , 500 eV ion beam were obtained. This technique allows good selectivity with typical underlayers such as Si, Au, and photoresist. We have also found that a short Ar ion milling of the fluoropolymer surface allows good wettability of the film by photoresist.
Introduction
Amorphous fluoropolymers have a number of properties which would be desirable for coatings on electronic devices. These properties include high temperature stability, unsurpassed chemical resistance, low water absorption, high optical clarity, and low dielectric constant. [1, 2] One possible application would be its use as the insulator between conducting lines in computer packages, where the low dielectric constant (of about 1.9) would allow high signal speeds, [3, 4] or perhaps as dielectric layers on integrated circuits. [5] Amorphous fluoropolymers have also been used as a combination anti-reflection and protection coating on optical crystals. [6, 7] It may also be useful as a passivation or protection layer. One example is as a water vapor barrier for chemical sensors. [8] Another possible use, which we are investigating, would be as a protection coating on high temperature superconductor thin films, which are quite sensitive to environmental contamination.
In many electronic applications it would be necessary to pattern openings in the passivation coating in order to make electrical connections. This is difficult by wet etching due to the chemical inertness of fluoropolymers. There is also a problem of photoresist not wetting the fluoropolymer surface. A method of etching Teflon coatings by laser ablation has been described. [3] The specific material studied was poly(tetrafluoroethylene) (PTFE). The process involved doping the PTFE with polyimide in order to make the coating absorbent to the 308 nm wavelength being used. In this way fluoropolymer coatings were successfully patterned. Plasma etching has been found to be effective in patterning amorphous fluoropolymer films. [4] We have found that fluoropolymer films can be etched very rapidly by reactive ion beam etching using a Ar/O 2 gas mixture. This leads to a patterning process which is compatible with standard electronic processing methods. In this paper, we describe the formation of Teflon AF coatings by a spin on technique and a method of patterning fine details in the coating. The etching rates in various ion beam conditions, as well as in a downstream oxygen plasma, will be discussed. A method of coating the fluoropolymer with photoresist is also described.
Experimental Procedure
Teflon AF R is a family of copolymers of perfluoro-2,2-dimethyldioxole (PDD) with tetrafluoroethylene (TFE). [1, 2] In this work, we used Teflon AF 1600, which contains 65% PDD, and is available from DuPont in powder form. While Teflon AF 1600 is, in the main, chemically inert, it is 12-15 wt% soluble in many perfluorinated solvents. We formed a solution for spin-on application by dissolving 3.3 wt% Teflon AF in Fluorinert FC-75 R (3M Company). This was spun onto silicon substrates at 4000 rpm. The films were allowed to dry at room temperature and then bake, in air, at 100
• C for 10 hours. Baking at 140
• C for 1 hour in an inert atmosphere did not change the film properties has reported in this paper. The resulting films were smooth with a thickness of about 800 nm. On small, 1 cm square samples the thickness was quite variable due the high viscosity of the solution and the bead which forms at the edges. The Teflon AF films showed remarkably high ion milling rates. The ion milling system used an electron cyclotron resonance (ECR) ion source with a two inch diameter ion beam. This source allows the use of O 2 as well as Ar as the working gas. The pressure in the chamber during ion milling is 8×10 −5 Torr. Samples were attached to a water cooled copper plate with vacuum grease to make thermal contact.
Results and Discussion
The measured ion milling rates of Teflon AF for a number of conditions is summarized in Table 1. The table also gives results of ion milling Au, Si, and photoresist for comparison. It is clear that, in the presence of O 2 , the milling rates for Teflon AF and photoresist are greatly increased. This is due to the chemical reactivity of the O 2 . The rate for silicon is much lower with O 2 , while that for gold is unchanged. The lower rate for Si is due to silicon oxide forming on the Si surface. The relatively higher etch rate for Teflon AF gives the opportunity to have greater selectivity between Teflon AF and an underlying stop layer. Since, in all cases, the etch rate for Teflon AF is much higher than for photoresist, we found that photoresist can be used as an effective mask.
The etch rate of the Teflon AF is much reduced when the beam energy is reduced to 200 eV, even in the presence of O 2 . This points to the impor- tance of the ion bombardment energy in the etching of Teflon AF. In order to further investigate the etching process, we exposed films of photoresist and Teflon AF to a downstream plasma. The system uses a 600 watt microwave oven to excite a plasma in a one inch diameter pyrex tube. The excited oxygen gas flows out of the microwave oven through the glass tube and impinges on a temperature controlled sample holder. The downstream oxygen plasma contains chemically active species and no energetic ions. The etching mechanism is purely chemical and not due to ion bombardment. Table 2 shows the etch rates obtained for Teflon AF and photoresist. For photoresist, it is clear that this is a thermally activated process. The temperature dependence of the etch rates agrees with published results. [9] We have also found that polyimide films etch rapidly in this system. Our result for Teflon AF indicates that it is not etched by the active oxygen, even at temperatures above 300
• C. It is quite remarkable that Teflon AF is stable in active oxygen, even at high temperature, while the reactive ion etching is very rapid. These results show that some ion bombardment is necessary for etching to occur, but that the presence of oxygen will assist the etching. Ref. [4] reported etching Teflon films by RIE but did not report the conditions. Our results show that the etching is strongly dependent on the ion bombardment so that RIE conditions, in particular substrate bias, are important.
A photoresist mask was used to pattern Teflon AF films. Due to the low energy surface of Teflon AF, photoresist will not wet the as-prepared film. It has been reported that a treatment with an ion beam can make a Teflon surface wettable. [10] We found that ion milling the Teflon AF films with pure Ar at 500 eV and 0.2 mA·cm −2 for 15 sec made the films wettable by photoresist. A smooth, even photoresist coating was obtained even after the ion milling treated samples were exposed to air for 24 hours. The mechanism of the increased adhesion was reported by Cho et al. [4] to be due to both surface roughening and chemical modification of the surface. We used a positive photoresist which was spun on and patterned resulting in a 0.6 µm thick photoresist mask. The photoresist was soft baked at 90
• C and was not given a further bake. 0.8 µm thick Teflon AF films were patterned in a 40% O 2 in Ar ion beam at 500 eV for 4 minutes. The photoresist was then removed by rinsing in acetone. (A downstream oxygen plasma could also have been used to strip the photoresist.) The etching time was about three times longer than the time necessary to etch through the Teflon AF. The micrograph in Fig. 1 of a patterned feature shows the gently sloped sidewalls resulting from the over etching. This would help to ensure continuity of an overlying metallization layer. The side walls would be considerably steeper if the sample was not over etched. As can be seen in Table 1 , the differential etch rate between Teflon AF and photoresist is largest when pure Ar is use. If steep side walls are desired, then ion milling in pure Ar would help.
We have made a few simple tests to indicate the suitability of Teflon AF for electronic applications. The adhesion to a silicon substrate was tested by applying adhesive tape to the film and peeling it off. We found that Teflon AF films of about 0.1 or 0.2 µm in thickness could be partially removed. Thicker films, over 1 µm, were completely peeled off using adhesive tape which is marginal for electronic applications. It is possible that this could be improved by the use of an adhesion promoter such as the adhesion promoters used with polyimide films. An example of such a primer is 3-aminopropyl Table 2 : Etching rates, in units of nm/min, in a downstream microwave plasma. The gas is pure O 2 at a pressure of 4 Torr and a flow of 510 sccm.
25
• C 82 A probe station was used to apply voltage up to 100 V with no measurable leakage current. The sensitivity of the ammeter was 10 −12 A. The film had no pinholes and a bulk resistivity of greater than 4×10
15 Ω·cm in an electric field of 5×10
5 V·cm.
